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ABSTRACT

The Thermodynamic Ocean Prediction System '(TOPS)
uses MHellor-Yamada Level II mixing (1] and Ekman
dynamics to forecast upper-ocean mixing and wind-
drift advection. The U.S. Navy’'s Fleet Numerical

‘Oceanography Center (FNOC) cycles TOPS with {ts

operational, upper-~ocean, thermal analyses for
several reglional areas. These include the
northern and southern hemispheres, the eastern and
vestern Mediterranean, and the Norvegian Sea. The
analyses (or novcasts) provide initial conditions
to TOPS. The TOPS 24 hr. forecast, in turn,
provides first-guess information to the folloving
day’s novcast. TOPS thus provides up to three-day
forecasts of the upper ocean thermal structure as
vell as an extra source of upper ocean
information to the thermal analyses in data sparse
areas.

Present versions
applications to 63x63 grids associated with the
standard FNOC polar stereographic grids. TOPS
3.0, a major upgrade developed at the Naval Ocean
Research and Development Activity (NORDA) and
presently being implemented at FNOC, expands the
spplication potentisl of TOPS. Greater
modularity and reoriention of the major TOPS pre-
and postprocessing to the 4-pipe Control Data
Corporation CYBER 205 super-computer allovs
larger, variable-dimension grids.

Ve present results of TOPS 3.0 applied to the FNOC
125%125 mid-Pacific region (750 km. resolutlon).
Included are examples from the regional Diurnsl
Ocean Surface Layer model contajned within the

TOPS 3.0 run streanm, This model provides
additional information on diurnal variability
vithin the mixed layer based on [2]. Ve also

consider

S some near-term future upgrades to TOPS
.0,

1. INTRODUCTION

Operational forecast models of upper-ocean thermal

(TOPS 1.0 end TOPS 2.1) limit .

Monterey, CA 93943

U.S. Navy has been a leader in this technology

since the late 1970's. 1In 1983, Pleet Numerical
Oceanography Center (FNOC) began the first,
operational, real-time, upper-ocean thermal

structure forecasts vith the implementation of the
Thermodynamic Ocean Prediction System (TOPS).
Developed by the HNaval Ocean Research and
Development Activity (NORDA), TOPS provides real-
time global and regional, upper-ocean forecast
capability out to 72 hours [3].

2. MODEL AND HODEL OPERATION

Initialized by en objective analysis scheme vhich

combines climatology with all avallable ship,
gatellite, and bathythermograph data, TOPS
generates dally, 72-hour, upper-ocean (0-400 m.)

thermal forecasts. TOPS uses FNOC’s operational
atmospheric general circulation model, the Naval
Operational Global Atmospheric Prediction System
(NOGAPS) [4], to provide forecast heat, moisture,
and momentum fluxes for model forcing.

The basic physics within TOPS consists of the
conservation of heat, salt and momentum. Tvo
notable features are: (1) the use of Hellor-Yamada
Level II closure {1] in the vertical mixing terms
for heat and salt and (2) the absence of pressure
gradient terms in the momentum equations.
Advection thus results from the wind-drift terms
(Ekman and inertisl) only, under the assumption
that on the 1-3 day time scale of the forecast and
avay from strong vestern boundary currents, the
geostrophic flov is of secondary importance.
Vertical advection results from Ekman divergence.
The major advantage incurred in the neglect of the
pressure gradient terms is the lovered sensitivity

of the model to initfial conditions since the
geostrophic adjustment process is eliminated.

The TOPS 24 hr. forecast also feeds back into the
folloving days objective analysis as & first

guess. This cycling helps €111 in data sparse
areas in the analysis by forcing changes in the
snalyzed field due to the knovn effects of
atmospheric forcing on the upper-ocean. Further
details on the cycling as vell as TOPS physics are

Structure can provide important environmental available elsevhere [3,5,8].
information in areas ranging from fisheries to
search and re~cue to undervater acoustics. The
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Two versions of TOPS are presently operational.

TOPS 1.0 is a non-advective version vhich runs on
63x63, 40 km., polar-stereographic grids for both
the eastern and vestern Mediterranean. TOPS 2.1

is the advective TOPS available on 63x63, 320 km.
northern and southern hemispheric grids and on the
Norwegian Sea on a 40 km, grid. The northern
hemisphere TOPS runstream also contains a forecast

of diurnal surface heating called the Diurnal
Ocean Surface Laver (DOSL) model [2,6]. DOSL
provides forecasts c¢f diurnal varming which can

result in the acoustic "afternoon effect" {7].

A geostrophic  component  of the horizontal
advection _ is also included in the northern
hemisphete TOPS. This component is derived from .
applying the thermal vind equation to the

climatoldgical density field. tHoise introduced by
the climatological density fields is reduced by
making the resultant field non-divergent via the
application of a stream function-vorticity
equation to the divergent currents.

TOPS 3.C, delivered to FNOC in 1988 and currently
being implemented , provides a major upgrade to
present capabilities., The first major improvement
is the generalization of grid size from 63x63 to m
x n accomplished by modularizing the code and
shifting high demand (time and memory) portions of
the TOPS code onto FNOC’s Control Data Corporation
CYBER 205 super-computer. The second major
improvement involves the removal of region
specificity vithin the TOPS code. Together, these
two upgrades allov ready coupling of TOPS to all

of the present FNOC operational, polar-
stereographic, regional, thermal analysis grids.
In addition, the DOSL model runs within the
relocateable TOPS 3.0 run stream alloving the

forecast of diurnal sea surface temperature (SST)
changes on any FNOC grid. Finally, following (8],
novcast geostrophic advection can also be included
in the TOPS forecast via the Analysis-Derived
Advection (ADA) model. ADA applies the thermal
vind equations to the TOPS initial temperature and
salinity filelds to provide a novcast of the
geostrophic current field. A stream function-
vorticity equation is solved (as in the
climatological calculation described above), to
reduce noise in the velocity field. The solution
of this equation is by succesive over-relaxation
[9) with a relocateable solver developed for ADA
vhich allows arbitrary land/sea configurations
vithin the given regional domain. The use of ADA
i{nherently assumes: (1) that the geostrophic
equations are valid for the given region, (2) that

persistence is a reasonable forecast for the
geostrophic flowv over the 72-hour TOPS forecast
perfod, and (3) that the temperature and salinity
fields are both realistic especially vhere

salinity significantly modifies the density field.
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3. RESULTS

i "
ééé.
TOPS 3.0 has been developed using the FNOC 125x125ﬂ§;?
mid-Facific region as a prototype area. Figure 14{
provides an  example of the present therma) :
analysis at the surface for this region. The hagy: &
marks over land shov the grid spacing of ~50 k._i‘f*ﬁ
This particular analysis is fcr January 25, 19g9 %
Figures 2a and b shovs the surface atmospherie %
pressure and associated surface vinds for
25 and forecast January 27 respectively. One seeg¥le
the deep low in the western north Facific mov1n31??~
to the central Pacific and interacting vith the '
lov pressure system in the Gulf of Alaska i
this two day period.

during 77

Using these forecast conditions (including the ‘-
intervening 6 hourly) fields, a TOPS 3.0 forecast &'
vas run. Figures 3a and b give the resultant’ N

surface currents at the initial time and at the?

end of 48 forecast hours. Alonp with vertical 552
density instability, the vertical shear of these 2%
currents drives the mixing wvithin this model, A
These currents have the additional benefit of"

providing surface currents for search and rescue §

purposes (see deWitt, et al in this volume). The JRA}
surface currents are highly correlated wvith the?d T

surface winds as expected.
currents have the potential of interfering both
constructively and destructively, thus yielding
unanticipated horizontal advection as vell as
vertical mixing. In this example, hovever, no
obvious interference occurs.

The Ekman and inertial'$¥f

Figure 1. Sea surface temperature (°C) analysis on

mid-
Grid

January 25, 1989 for the iNOU operaticnal
Pacific region. Contour interval is 1°C.
cpacing of “50 km is shown hashed over land.
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Figure 2. NOGAPS sea surface pressure (mb) and surface vind ( —s o 50 m/s) on
January 25, 1989 {nterpolated to the FNOC mid-Pacific grid: (a) analysfs, (b) 48 hr.
forecast. Contour interval is 5 mb. Vinds belov 5 m/s are not shown.
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Figure 3. TOPS 2.0 surface currents (—»= 1 m/s) on Janvary 25, 1989 for the FNOC
mid-Pacific grid: (a) initial time, (b) 48 hr. forecast., Vectors are plotted at every
fourth grid point. Currents belov 0.05 m/s are not shovn.
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Figure 4. TOPS 3.0 temperature (°C) cross-section from 45 N, 155 ¥ to 35 N, 155 U on
January 25, 1989 for the FNOC mid-Pacific grid: (a) initial time, (b) 48 hr. forecast.

Contour interval is 1°C.

To illustrate what TOPS produces in the vertical,
figures 43 and b shov a ten degree meridional
cross-section across the sub-arctic frontal zone,
again for the TOPS initial condition and TOPS 48
hour forecast respectively. The cross-section
runs from 45 N to 35 N along the 155 V meridion.
The temperature inversion at 150 m. north of 40 N
shows the sub-surface location of the sub-arctic
front to be between 40 and 41 N [10]. The surface
manifestation of this front is not as clear. Due
to this inversion, a subsurface sound channel vith
150 m axis depth would be expected north of the
front.

TOPS influence in this run, hovever, is limited to
the upper 100 m. The increasing winds (figures
2a,b) through this region result in surface mixing
throughout the region with deepening of the mixed
layer only north of the front. At 44 N, an
fnitial temperature inversion at the surface, due
to cool, less saline vater, is wvell mixed to 100 m
vithin 48 hours. Acoustically, this mixing wvould
change an initial, relatively-strong, surface duct
into a veak or nonexistent duct.

The output from the DOSL model during the above
run is shovn for day 2 in figure 5. The areas of
strong surface diurnal heating are about 10
degrees west of Havaii with a maximum 2°C warming
and 20 degrees west of California with maximum
wvarming of 2.5°C. These results are consistent
vith the atmospheric conditions for this time.
Figure 2b shows these areas underlying high
pressure (with i1ts expected high solar insolation)
and lov vinds vhich together result in the diurnal
varming.

Figure 5. DOSL sea surface diurnal
forecast for day 2 of January 75,
run. Contour interval is 0.5°C.
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ADA can also run on this region, hovever for a
gore dynamic example, ve show ADA applied to the
gulf Stream,  Figure 6 shows SST on the first of
the nev FNOC latitude/longitude regions vhich vill
replace the present operational polar
stereographic regions [Clancy, 1988, personal
communication]. This snalysis was performed on
February 2, 1989 on the 0.2 degree grid as shown
hashed over land. = The model qualitatively
reprodyces realistic meandering and gradients for
the Gulf Stream front, its assoclated eddies and
the shelf/slope front. Figure 7 gives & cross-
section from 39 N, 75 V to 34 N, 70 V, across the
shelf-slope front, the Gulf Stream and & partially
submerged cold-core eddy. This indicates that the
sub-surface strdcture is also qualitatively
realistic. The detajled position and structure of
these features xesults primarily from a tvice-
veekly front and eddy map provided to FNOC by the
Naval Eastern Oceanography Command (NEOC). This
map is derived using all available satellite
(visible, infrared, and altimeter) data as well as
ship and  bathythermograph (BT) data [11].
Canonical models of eddy and frontal gstructure
(feature models) are inserted in the appropriate
locations within the analysis grid {12]. Actual
data is then incorporated via optimal
interpolation techniques [Cummings, 1988, personal
communication; 13]. Salinities are then derived
from known temperature-salinity relations for the
region. Figure 8 illustrates the resultant non-
divergent surface currents after applying ADA to
the density field. Vectors are plotted at every
other grid point. The maximum Gulf Stream surface
velocities are realistic at about 1.5 to 2 m/s.
The shelf-slope front, being density compensated,
shows no flov. Continuous quality control,
especially of the front and eddy maps, is
essential for these products. A varm core eddy
seen in figure 6 at 40 N, 58 ¥, has no subsurface
manifestation resulting in no currents in figure 8
at this location. This occurs vwhen the actual
surface data available to the analysis shovs the
eddy but the front and eddy map and available
subsurface data do not.

Figure 6. Ses surface temperature (°C) analysis on
February 2, 1989 for the newv. FNOC Gulf Stream
region. Contour interval is 1°C. Grid spacing of
0.2 degrees is shovn hashed over land.
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Figure 7. Temperature (°C) cross-section from 39
N, 75V to 34 N, 70 ¥ on February 2, 1989 for the
nev FNOC Gulf Stresm analysis grid. Contour
intervsl is 1°C. .

Figure 8. ADA surface currents ( — = 2 m/s)
derived from the February 2, 1989 temperature
analysis on the new FNOC Gulf Stream analysis
grid. Vectors sre plotted at every other grid
point. Currents belov 0.15 m/s are not shown.

Quantitative comparisons of TOPS 3.0 with actual
data vill follow Implementation of the various
modules in their operational configuration but
prior to their operational use. Due to the lack
of adequate data sets for validation, cumulative
statistical validations are performed during
operational testing to assure the nev products
out-perform climatology, persistence, and the
existing products |14}, Unassimilated BTs are
differenced vith model novcast/forecasts



interpolated to the BT location. Accumulated over
a month for & given region, these differences
provide relevant sgtatistics for evaluating model
skill. Buoy drift relative to forecast currents
are used to validate surface currents (see deVitt,
et al in this volume).

4. SUMNARY

The flsxibility of TOPS 1.0 holds the promise of
more rapid implementation of coupled, uppar-ocean,
thermal nowcast/forecast models for the various
FNOC operational regions. An upgrade undervay
this year (TOPS 3.1) will allov the application of
TOPS to latitude¢/longitude grids consistent wvith
FNOC's future direction in thermal analysis. A
second upgrade begun this year will allow the
eventual replacement of the nowcast geostrophic
advection from ADA vith forecast currents from a
dynamic ocean circulation model such as the Ocean
Circulation, Evolution, Assimilation and Novcast
System (OCEANS) [15]. NORDA has also developed a
comparable TOPS/ADA system for shipboard use,
Tactical TOPS (TTOPS)., vhich allovs relocateable
applications on limited open-ocean areas {16].
TTOPS will likely not cycle with its analysis
hovever due to rapidly changing regions of
interest aboard ship.

5. ACKNOVLEDGMENTS

The U.S. Navy’s Space and Naval Varfare System
Command provided funding for this work through
the Afir Ocean Prediction Program (PE 63207N).
This is MNORDA contribution number 89:019:322
approved for public release; distribution Iis
unlimited.

6. REFERENCES

1, Mellor, G.E. and T. Yamada, A Heifrarchy of
Turbulence Closure Models for Planetary Boundary
Layers, Journal of the Atmospheric Sciences, 31,
1974, pp 1791-180s.

2. Price, J.F., R,A. Veller, and R. Pinkel,
Diurnal Cycling: Observations and Models of the
Upper Ocean Response to Diurnal Heating, Cooling,
and Vind Mixing, Journal of Geqphysical Research,
91, 1986, pp B411-BaZ7.

3. Clancy, R.M., and K.D. Pollak, A Real-Time
Synoptic Ocean Thermal Analysis/Forecast System,
Progress in Oceanography, 12, 1983, pp 383-424.

4. Rosmond, T.E., NOGAPS: Navy Operational Global
Atmospheric Prediction System, Preprint Volume,
Fifth Conference on Numerical Veather Prediction,
Monterey, American Meteorological Society, Boston,
1981, pp 74-79.

S. Clancy, R.M., and P.J. Martin, Synoptie
Forecasting of the Oceanic Mixed Layer Using the
Navy’s  Operational Environmental Data Base:
Present Capabilities and Future Applications,
Bulletin of the American Meteorological Society,
62, I9B1, pp 770-784.

6. Clancy, R.M., Technical Description of the
Diurnal Ocean Surface Layer (DOSL) Model, FNOC
Technical Note 422-86-01, Fleet Numerical
Oceanography Center, Monterey, Ca 93943, 1986.

4.1 -

.
NS

7. Urick, R.J., Principles of Undervutez Sound, ”E
Megrav-Hill, 1983, p 118, — s

8. Harding, J.H., The Role of Horizontal .
Processes in Upper-Ocean Predictiont A Forecast
Simulation in the Sea of Japan, NORDA Technical
Report 190, Naval Ocean Research and Development
Activity. §SC, M5 39529, 1988, 245 pp.

9, Roache. P.J., Computational Fluid Dynamics, +
Hermosa Publishers, P.0. ox » Albuquerque,

N.H. 97108, 1976, pp 117-122.

" .;.pﬁiin&

10. Roden, G.I., and A.R., Robinzon, Subarctie
Frontal Zone in  the ' North-Eastern Paciffe:
Hesoscale Structure and Synoptic Description, -
Harvard Open Ocean Model Reports, Reports {n =
Neteorology and Oceanography Number 31, 1988, 28 4
pp. i

11. Hawvkins, J.D., J.M. Harding, J.R. Chase, R.H, *
Clancy, and B.L. Samuels, The Impact of Satellite ¥
Infrared Sea Surface Temperatures on FNOC Ocean &
Thermal Analyses, NORDA Technical Report 142, u
Naval Ocean Research and Development Activity, °¥
§SC, MS 39529, 1986, 38 pp.

12. Bennett, T.J., M.R. Carnes, P.A. Phoebus, and ‘@
L.M. Riedlinger, Feature Modeling: The ;308
Incorporation of a Front and Eddy Map Into Optimum {Ji
Interpolation-Based Thermal Analysis, NORDA:} \,
Technical Report (in preparation), Naval Ocean g
Research and Development Activity, SSC, MS 39529. <{Ni8

13, SAIC, (Users Hanual for the Optimum Thernal'T'“
Interpolation System 2.0, SAIC Technical Report, -3
SAIC, 2005 Montecito Ave., Monterey, CA 939&0, -

1989, 87 pp.

14, Clancy, R.N., K.D. Pollak, and J.M. Harding.,
Validation of Ocean Thermal Models at Fleet$JiNy
Numerical Oceanography Center, Proceedings NDS I3
‘86, Marine Data Systems International Symposiun.i ’
Nev Orleans, Marine Technology Society, 2000 7S
Florida Ave. NV, Suite 500, Vashington, p.c.’ 38

20009, 1986, pp 332-337. o

15. Clancy, R.M., Real-Time Applied Oceanograpﬁ .
at the Navy’'s Global Center, Marine Technolo :
Soclety Journal, 21, 1987. pp 33-76. -
16. Martin, P.J., Testing of a Shipboard Thernnl o
Forecast Model, NORDA Technical Note (ing

Activity, SSC, MS 39529,

166



